Introduction
The study of immunoglobulin heavy variable region (IGHV) genes has revolutionized our concepts about chronic lymphocytic leukemia (CLL). 1 It was long known that the IGHV gene repertoire in CLL is biased and distinct from that of normal peripheral blood B cells. [2] [3] [4] That was considered as an indirect indication of a restriction also in terms of antigen specificity. In principle, however, a wide IG heavy and light variable gene repertoire is not required for the production of specific antibodies to most antigens, as it depends mainly on the molecular features of the heavy-chain complementaritydetermining region 3 (HCDR3) . This is the region of the heavy chain that is very critical in the makeup of the antigen-binding site 5 to such an extent that the more similar the primary HCDR3 sequences of two IGs, the more similar their folding and, likely, their specificities. 6 Along these lines, it was noteworthy that CLL is uniquely characterized by the existence of subsets of cases with remarkably restricted, 'stereotyped' HCDR3 sequences within their B-cell receptors (BCRs), strongly implying the recognition of structurally similar epitopes, likely selecting the leukemic clones.
7-14 As we and others have shown, these HCDR3 stereotypes may also share unique molecular and clinical features. [12] [13] [14] [15] [16] [17] For instance, the IGHV3-21/IGLV3-21 subset has been associated with a poor prognosis irrespective of IGHV mutational status. 12, [15] [16] [17] In contrast, cases assigned to the IGHV4-34/IGKV2-30 subset are relatively young, 13 uniformly express IgG-switched IGs 10, 13 and tend to follow a very indolent course of the disease. 13 These findings suggest that a certain BCR stereotype can be critical in determining the prognosis and clinical outcome of subsets of CLL patients.
Therefore, the identification of shared amino-acid patterns leading to BCR stereotypy may offer useful hints that will assist in investigating the nature of the selecting antigens and their interactions with CLL progenitors or the malignant cells themselves and also have implications for the assignment of patients into different categories with distinctive biological and clinical features. Though theoretically easy, this task has never been fully accomplished, mainly due to several shortcomings of sequence-alignment-based tools that cannot properly address large-scale analysis of the complex and rather short HCDR3 sequences, 18 hampering the possibility to fully understand the distinctive features of stereotypy within the CLL BCRs.
In this study we introduce purpose-built, sophisticated computational tools specifically developed for sequence pattern discovery in HCDR3 amino-acid sequences to allow clustering of 2662 geographically distant CLL patients, the largest series of CLL sequences reported to date. Our analysis demonstrates that, based on shared sequence patterns, almost 30% of CLL HCDR3 sequences can be assigned to different clusters with unique characteristics. The use of these novel tools allowed identification of more distant sequence relationships among clustered cases; these relationships offer for the first time a comprehensive overview of the HCDR3 'landscape' in CLL with the creation of a tree-like hierarchy, based on the identified clusters.
Of great importance, our analysis of the IG features of the identified clusters indicates that the IGHV gene repertoire restrictions typical of CLL are essentially a property of the clustered cases, clearly segregating them from the nonclustered cases. This suggests that the biological mechanisms that shape the IG repertoire of the CLL precursor cell population(s) may differ between CLL cases with clustered vs nonclustered sequences. The biased repertoire of the former subgroup could reflect an origin from a B-cell population intermediate between a true innate immune system and the conventional adaptive B-cell immune system, functionally similar to what has been suggested previously for mouse B1 cells.
Patients and methods

Patient group
A total of 2662 patients with CLL from collaborating institutions in Denmark (n ¼ 189), Finland (n ¼ 34), France (n ¼ 767), Greece (n ¼ 481), Italy (n ¼ 238), Spain (n ¼ 92), Sweden (n ¼ 504) and New York (n ¼ 357) were studied for IGHV gene repertoire and mutational status; this set is herein defined as 'internal'. All cases displayed the typical CLL immunophenotype as described earlier 7, [11] [12] [13] [14] and met the diagnostic criteria of the National Cancer Institute Working Group. Written informed consent was obtained according to the Declaration of Helsinki Principles and the study was approved by the local ethics review committee of each institution.
PCR amplification of CLL IGH rearrangements
PCR amplification and sequence analysis of IGHV-D-J rearrangements were performed as previously described. 7, [11] [12] [13] [14] Sequence data were analyzed using the IMGT database and tools (http://imgt.cines.fr). Only in-frame rearrangements were evaluated.
Collection of sequence data from public databases IGHV-D-J sequences were retrieved from the IMGT/LIGM-DB database. Redundant, poorly annotated, out-of-frame, incomplete and identical sequences were excluded from the analysis. The final collection was comprised of 5528 unique IGHV-D-J sequences from B-cell lymphoproliferative disorders (including 182 sequences from CLL, here defined as 'external'), normal B cells, 'immune dysregulation' disorders (allergy, asthma, immunodeficiency) and autoreactive B cells (Supplementary  Tables I-II) .
Discovery of sequence patterns within HCDR3 amino-acid sequences
To comprehensively and efficiently identify amino-acid sequence patterns within the collected HCDR3 amino-acid sequences, we used the TEIRESIAS algorithm, a computational tool developed by the Bioinformatics and Pattern Discovery group at the IBM Computational Biology Center 19 and available from http://cbcsrv.watson.ibm.com/download.phtml.html. TEIRESIAS is an established pattern discovery method, used in diverse and challenging biological studies. 20 It requires a set of user-defined parameters, the complete set of which, as used in this analysis, is described in detail in Supplementary Materials and methods File. The adopted parameters ensured an extremely high level of sensitivity of the procedure, enabling the connection of all pairs of sequences that shared at least 50% amino-acid identity and 70% similarity. This higher similarity threshold was requested based on the equivalence in terms of 'hydropathy', 'volume', 'chemical characteristics' among the different residues ((AVLI), (CM), (ST), (KRH), (DE), (NQ), (F), (W), (P), (G), (Y)), as outlined in the IMGT classification of amino acids. 21 This distinction between identity and similarity thresholds was based on established criteria for the identification of HCDR3 stereotypy in CLL [7] [8] [9] [10] [11] [12] [13] [14] 17 and on published concepts such as amino-acid substitution matrices. 22 The identified patterns were subjected to a subsequent and stricter filtering process, using the following criteria: (1) sequence relatedness (as defined above), (2) HCDR3 length and (3) location within HCDR3 (Figure 1 ).
Clustering of HCDR3 sequences
Sequences were clustered based on the patterns they shared following an in-house clustering approach, implemented in the PERL programming language. The algorithm takes the highest scoring connections between sequences, and starts building clusters on a first (ground) level, called level 0. Sequences in each level 0 cluster are guaranteed to exhibit at least 50% amino-acid identity and 70% amino-acid similarity against all other members of that cluster, to have sequence lengths no more than two amino acids different, and to display the identified sequence patterns in a position no more than two amino acids apart. The common sequences between level 0 clusters led to their grouping in clusters at progressively higher levels of hierarchy, based on the existence of common amino-acid patterns. For this reason, sequences belonging to higher-level clusters, though largely retaining very similarFyet not always identicalFsequence lengths and pattern location, do not necessarily exhibit 50% amino-acid identity and 70% aminoacid similarity against all other members of the same cluster.
Data mining and methods availability
Data were processed with the PERL programming language and clusters visualized with Biolayout 3D, 23 a freely available Figure 1 Pattern location and HCDR3 length filters. Three different scenarios tackled by the pattern filters, based on the location (offset) of patterns within HCDR3 amino-acid sequences, and the lengths of those sequences. Five sequences (A-E) of different lengths and a marker pattern, QWL, are used. In scenario 1, the link between sequences A and B is rejected because although the pattern's locations are identical, the sequence lengths are more than two amino acids different. In scenario 2, the lengths of the sequences are similar enough, however the pattern is in locations that differ by three amino acids. In scenario 3, the sequences are connected because both the locations and the lengths are within the limits. The length and offset criteria were put in place taking into consideration IG threedimensional structural constraints.
(http://www.biolayout.org/) interactive network (such as the clusters and their members) viewer. We make all PERL code and instructions available on request (as already stated, the TEIRESIAS algorithm can be downloaded from IBM Research).
Investigating the phylogeny of the IGHV germ-line genes
We compared the deduced amino-acid sequences of all known human vs mouse IGHV genes available in the IMGT/V-QUEST reference directory sets. Furthermore, we constructed sequence distance trees of functional human IGHV genes based on their amino-acid sequences using the neighbor-joining method of the freely available (http://www.megasoftware.net/) Molecular Evolutionary Genetics Analysis (MEGA) software version 4.0.
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Results
Pattern discovery in HCDR3 sequences
A total of 2844 in-frame IGHV-D-J sequences from patients with CLL were included in the analysis; 2662 sequences were 'internal', whereas the remaining 182 sequences were retrieved from public databases and, therefore, called 'external'. Detailed information on IG gene repertoires, IGHV gene mutational status and HCDR3 features is provided in Supplementary Tables  III-VI 
Clustering of sequences based on HCDR3 patterns
Based on shared patterns, 783 of 2844 (27.5%) CLL sequences were placed in 339 clusters at the ground level (level 0) that included 2-21 sequences each. HCDR3 sequences can appear in more than one level 0 cluster highlighting complex relationships, which were then used for further clustering. The common sequences between level 0 clusters led to their grouping in clusters at four progressively higher levels of hierarchy (levels 1-4) (Figure 2 ; Supplementary Table VII; Supplementary Figure 5 ). As they reflected more distant sequence relationships in the form of more widely shared sequence patterns, higher-level clusters (level 2 and above) were considerably larger in size (up to 86 cases each) but, interestingly, were characterized by notable homogeneity with regard to IGHV gene usage (Table 1 ; Figure 2 Two simplified clustering scenarios. (a) Sequence A is connected to B, forming cluster 1 on level 0; sequence C is then added to the same cluster because it is connected to both A and B. (b) Sequence A is connected to B, forming cluster 1 on level 0; sequence C is connected to A but not to B, so it takes a copy of A and forms cluster 2 on level 0; because the two clusters have A in common, they are connected on the next level of hierarchy to form cluster 1 on level 1. The dot is considered a wildcard and represents any amino acid at that position, whereas each pair of square brackets represents one position and means that any of the enclosed amino acids can be found at that position. Figures 6 and 7) . Furthermore, they exhibited a notable restriction in HCDR3 lengths (Table 1 ; Supplementary  Figure 7) , despite the fact that, by design, the length criterion was more relaxed in higher-compared to ground-level clusters. Higher-level clusters also exhibited restricted IGKV/IGLV usage in most cases for which evaluation of paired IGH-IGK/L sequences was possible (Table 1) .
Antigen-binding sites in CLL
In the non-CLL data set, level 0 clusters were significantly smaller in size (most included 2-3 members) than the corresponding CLL clusters. Furthermore, in stark contrast to high-level clusters in CLL, high-level clusters in the non-CLL group were characterized by marked IGHV gene heterogeneity. Finally, for the combined data set, 2493 sequences were placed in clusters. Of interest, CLL sequences formed significantly larger clusters compared to non-CLL sequences, which formed mainly two-or three-member-only level 0 clusters (Supplementary Figure 8) .
Effects of clustering on the CLL IG repertoire
The IGHV repertoire of CLL sequences in clusters differed significantly from nonclustered cases (Figure 3 ; Supplementary  Figure 9 ; Supplementary Table VIII). In detail, the six most frequent IGHV genes in high-level clusters (level 2 and above)FIGHV1-69, IGHV3-21, IGHV4-34, IGHV1-2, IGHV1-3 and IGHV4-39Faccounted for 73.9% of the IGHV gene repertoire at level 2 and 79.2% at level 3 but only 45.8% at the cohort level (w 2 -test: Po0.0001 for either comparison). Important differences could be also observed between 'lowlevel' (that is, levels 0-1) vs 'high-level' (that is, levels 2-4) clusters regarding the ranking of IGHV genes. Thus, certain genes were represented with an increasing frequency at each successive level of clustering (the foremost example being IGHV3-21); in contrast, other genes (for example, IGHV3-7, IGHV3-23, IGHV3-30) frequently represented at cohort level and usually somatically mutated, were progressively suppressed when their frequency among clustered sequences was compared to the cohort (Figure 4 ).
In addition, the IGHJ gene usage of CLL sequences in clusters also differed significantly from nonclustered sequences. Specifically, the IGHJ6 gene was represented with an increasing frequency in each successive level of clustering, whereas the IGHJ4 gene was characterized by a decreasing frequency (Supplementary Table IX ; Supplementary Figure 10 ). Comparison of sequences in different levels of clustering with regard to HCDR3 lengths showed that sequences of 9, 13, 20 and 22 amino-acid HCDR3 lengths were represented increasingly in each successive level ( Figure 5 ; Supplementary Table X) , reflecting the increasing homogeneity of clustered cases. Although high-level clusters showed such great homogeneity in terms of IGHV gene usage and HCDR3 length, the sequence relatedness in all level 2-3 CLL clusters could be explained by just a few critically positioned residues within the HCRD3 region, distinctive for each cluster (Table 1) . Figure 3 The effect of clustering on the numbers (quantity) and the IG repertoire (quality) of chronic lymphocytic leukemia (CLL) cases. Captured as a pyramid, the base of the pyramid represents the whole cohort in absolute numbers, with each colored 'stone' representing a different immunoglobulin heavy variable region (IGHV) gene. Consecutive layers of 'stones' represent the consecutive levels of clustering, all the way to the single cluster of level 4. In each layer, the most significant IGHV genes are marked. and IGHV3-7 along the process of clustering, from the whole cohort (all) to sequences in level 3 clusters. As the graph clearly shows, the percentage of sequences with IGHV1-69 and IGHV3-21 is increased by B10 and B20%, respectively, whereas the other two genes are almost nonexistent starting from level 1 clusters.
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Phylogeny of human IGHV genes: a CLL perspective
To dissect the biological and genetic reasons behind the IGHV gene bias shown among clustered cases, we constructed sequence distance trees of functional human IGHV genes based on their amino-acid sequences using the neighbor-joining method. Examination of the IGHV3 subgroup tree revealed a branching that was reflected in the repertoires of clustered vs nonclustered CLL sequences. In particular, IGHV3-21, the foremost example of a gene found clustered in CLL rearrangements ( Figures 3,4) , belongs to a branch clearly distinct from other branches that include, for instance, the IGHV3-23, IGHV3-30, IGHV3-33 and IGHV3-7 genes (Figure 6a ). 25 In accordance to this observation, the latter four genes were essentially absent from the IGHV gene repertoire of CLL sequences in level 2 clusters and above. In addition, though the IGHV3-21 gene predominates in the major level 3 CLL cluster 0001, a few non-IGHV3-21 cases were present in this cluster, utilizing the IGHV3-48 and IGHV3-11 genes that interestingly belong to the same branch of the IGHV3 subgroup tree as IGHV3-21. Similar phylogenetic relatedness, reflected in the IGHV gene repertoire of major CLL archetypes, was evident among IGHV1 subgroup genes. 25 The IGHV1-69 gene belongs to a branch of the IGHV1 subgroup tree that includes the IGHV1-58 gene and excludes other IGHV1 subgroup genes (for example, IGHV1-2/ IGHV1-3/IGHV1-8) (Figure 6b) . The IGHV1-69 gene formed a major high-level CLL cluster (2-0021) along with its closest 'relative', that is, IGHV1-58, but not with the other IGHV1 subgroup genes. Conversely, the major level 3 CLL cluster 3-0002 included rearrangements of the latter IGHV1 subgroup genes (especially, IGHV1-2 and IGHV1-3) but contained no IGHV1-69 sequences, even though this gene predominated in high-level clusters. Furthermore, cases using IGHV1-2/IGHV1-3/IGHV1-8/IGHV1-18 as well as the IGHV5-a and IGHV7-4-1 genes belonged to the same cluster (3-0002), reflecting their membership in the IGHV1-5-7 phylogenetic clan.
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Evolutionary considerations
As it is a central notion that sequence conservation very likely reflects antigen-binding activity, [24] [25] [26] we compared human IGHV gene sequences with those from different species. For such an analysis to be meaningful, the evolutionary distance between the species should be neither too proximate nor too distant, therefore we chose the mouse as the best reference species and system. Using the IMGT V-QUEST tool, we compared 124 human and 186 mouse germ-line IGHV sequences, including all alleles of all IGHV genes and noted only the best match of each sequence. This approach produced a pair-wise nucleotide identity matrix that included 67 human and 157 mouse IGHV sequences.
Our analysis showed that the most conserved genes between the human and the mouse are IGHV3-21 along with IGHV3-48 and IGHV3-11, which together form the major level 3 CLL cluster 0001. These three 'leaves' of the same branch in the human IGHV gene tree exhibit 85-89% nucleotide identity to the mouse IGHV5-17 gene, strongly suggesting conservation by some functional constraint.
Discussion
Over the past decade, the concept of stereotyped BCRs with highly similar if not identical IG sequence patterns revolutionized our thinking about CLL biology. 27 Considering the extremely low probability (10
À12
) of coexpression of identical BCRs, this unique feature of the CLL IG repertoire supports the notion that CLL development and evolution is not a simple stochastic event and indicates a role for antigen in driving the cell of origin for at least subsets of CLL cases. 3, [7] [8] [9] [10] [11] [12] [13] [14] 17 From a clinical perspective, evidence that BCR stereotypy may assist in the biologically and clinically relevant categorization of patients with CLL is progressively emerging [7] [8] [9] [10] [11] [12] [13] [14] 17, 28 and suggests that CLL patient outcome could be a reflection of ongoing BCR signaling in the context of other cosignals.
For these reasons, the systematic recognition of IG sequence patterns becomes an issue of prime importance. However, it remains unresolved, because the analytical methods used in all previous studies, [7] [8] [9] [10] [11] [12] [13] [14] 17 including ours, have relatively limited potential to effectively investigate data sets ever-increasing in size and complexity. Therefore, we developed a fast and yet transparent and manageable bioinformatics platform that encapsulates available experience and knowledge around a core of cutting-edge combinatorial pattern discovery in the form of the TEIRESIAS algorithm. 19 This choice was pivotal because, by overcoming the shortcomings of previously considered alignment-based methods, the algorithm offered an unconstrained, accurate and complete picture of HCDR3 stereotypy and, subsequently, of the intricate and often subtle sequence relationships in CLL, unprecedented by previous studies. Therefore, besides improving the quality and the reproducibility of the analysis, it helped highlight interesting features that bear relevant biological implications.
We herein demonstrate for the first time that the well-known IG gene repertoire restriction does not extend to all CLL cases but it is essentially a feature of those cases expressing stereotyped BCRs, which can be assigned to clusters defined by shared HCDR3 motifs. These major clusters could therefore be considered as corresponding to 'archetypical' BCRs with widely shared sequence features. Along the same line, although certain IGHV genes (especially, IGHV3-21 and IGHV1-69) were overrepresented among clustered cases, others (for example, IGHV3-7, IGHV3-23, IGHV3-30) were, on the contrary, underrepresented compared to the cohort. These results could be interpreted as evidence for a role of certain germ-line specificities in forming BCR archetypes in the progenitors of at least some CLL cases. Alternatively, they could be considered as indicative of a distinct ontogenetic origin for clustered vs nonclustered cases. In this scenario, CLL cases with stereotyped BCRs could derive from different progenitor cell populations evolutionarily adapted to particular antigenic challenges by (1) inherent differences in the capacity to rearrange and express particular IGHV genes and, (2) predetermined preferences for expressing certain stereotyped BCRs. [29] [30] [31] The highly diverse CDR3 sequences are the principal determinants of specificity in antigen recognition, at least in the primary repertoire. 32 Indeed, in mice constrained to use a single IGHV gene to create their B-cell repertoire in vivo, HCDR3 diversity can be sufficient to create specific binders in vivo against essentially any large protein. 5 Of note, however, such restricted repertoires fail to respond to some antigens like polysaccharides. 5 Therefore, HCDR3 diversity alone is not enough to realize the full potential of antibody diversity. 33 There are well-documented cases in which the IGHV gene seems to be the specificity-defining sequence; 34 in other instances, both the IGHV gene and HCDR3 length restrictions are important. HCDR3 length restrictions may be related to a proper positioning of key structural determinants. 35 Alternatively, the rearranged IGHV gene requires a specific HCDR3 length for functionality. 36 Finally, one should not overlook the fact that there are well-documented cases for a particular lightchain sequence restriction among antibodies of a certain specificity, while still allowing for extensive diversity in the HCDR3. 37 In the present study, remarkable HCDR3 length restrictions were identified for the CLL BCR archetypes corresponding to high-level clusters. In particular, although level 3 clusters could include sequences with a range of HCDR3 lengths, collectively, they were 'enriched' in sequences of just four different HCDR3 lengths ( Figure 5 ). For instance, CLL cluster 3-0001 includes stereotyped rearrangements mainly of the IGHV3-21 gene (78 of 82 cases) with a short HCDR3, 7, [11] [12] [13] [14] 16, 17 despite usage of IGHJ6, the longest IGHJ gene in the human genome. This subset of CLL patients has been repeatedly reported to exhibit distinctive biological and clinical features, such as frequent expression of CD38 and aggressive disease course. 7, 12, 13, 17 Besides the well-known restricted usage of the IGHV3-21 gene, we demonstrate here that this cluster is characterized (and may be defined) by a simple ('degenerate') HCDR3 consensus pattern, describing a 9 amino-acid long HCDR3 with only one 'landmark' acidic residue in the third position ('9/Acidic-3'). This phenomenon is not unique to IGHV3-21 gene but holds for all levels 2-3 CLL clusters (Table 1) . Indeed, CLL BCR archetypes using certain IGHV genes or groups of related IGHV genes could be defined by consensus HCDR3 patterns with just a few critically positioned residues, independent of the actual IGHV gene used.
These findings again highlight the fact that the sequence relatedness between CLL cases goes beyond the simple 'name' identity of the gene used but depends on structural and, likely, functional features. The systematic analysis of the deduced amino-acid sequences of all known human IGHV genes and the construction of sequence distance trees performed in this paper, following well-established principles, 25, 26, 38 helped us to further clarify this issue. The same BCR archetype may be shared by cases using different IGHV genes, especially those sharing common ancestry 13, 14, 25, 26, 38 (for example, the IGHV1-2/ IGHV1-3/IGHV1-8/IGHV1-18, IGHV5-a, IGHV7-4-1 genes, all members of the IGHV1-5-7 phylogenetic clan, 25, 26 in CLL level 3 cluster 3-0002).
The branching of the human IGHV gene tree 25, 26 was reflected in the ability of certain distinct, albeit related, genes to form CLL BCR archetypes. An illustrative example is provided by IGHV1 subgroup genes. In particular, the IGHV1-69 and IGHV1-58 genes, two leaves of a distinct branch, formed a certain high-level archetype (that is, cluster 2-0021) but were absent from another major archetype (that is, cluster 3-0002), which includes cases using several IGHV1 subgroup genes in other branches of the tree. The branching of the IGHV gene tree was also reflected in the repertoires of clustered vs nonclustered CLL sequences. For example, among IGHV3 subgroup genes, branches including certain genes frequent at the cohort level and present among the nonclustered cases (for example, IGHV3-23/IGHV3-30/IGHV3-33) seem to be excluded from CLL sequences in high-level clusters.
In addition, it is impressive to realize that just six IGHV genes (IGHV1-69, IGHV1-3, IGHV1-2, IGHV3-21, IGHV4-34 and IGHV4-39) accounted for almost 80% of cases belonging to high-level clusters with stereotyped BCR structures. If we consider that this limited set of BCRs is mainly germ-line encoded (with a few notable exceptions carrying somatic mutations, such as the IGHV3-21 and IGHV4-34 BCRs), the situation is reminiscent of receptors of the innate immune system. [29] [30] [31] 39 Along these lines, we have previously found stereotyped IG rearrangements in CD5 þ B-cell lymphoproliferations resembling CLL that develop in TCL1 transgenic mice. 40 On these grounds, we suggested that the TCL1 clones likely derived from the B-1a subset, 40 consistent with finding the initial, preleukemic clonal expansions in the peritoneal cavity. 41 In the mouse, only two combinations of genes account for 5-15% of all mouse peritoneal B1 cells. These rearrangements react with phosphatidylcholine (PtC)/bromelainized red blood cells, 42, 43 and one uses the VH12 gene. 43 Almost all PtCspecific VH12-expressing B1 cells 43, 44 are enriched for HCDR3 sequences of 10 amino acids, including many with a glycine in the fourth position ('10/G4' rearrangements). 43, 44 In addition, VH12 B1 cells also exhibit a very restricted light-chain repertoire due to the inability of VH12H chains to associate with most L chains. 38, 44 Based on these features, it is very tempting to consider analogies with CLL level 3 cluster 3-0001, which corresponds to the subset of CLL cases with stereotyped IGHV3-21 BCRs carrying '9/Acidic-3' HCDR3s and characterized by expression of l-light chains using the IGLV3-21 gene. We have previously demonstrated that the light-chain rearrangements in cases of this cluster have followed the hierarchical pattern of L chain recombination (IGK-IGK-IGL) and have gone through several rearranging attempts before producing a functional light chain. 16 On these grounds, we previously suggested that negative selection may have acted on BCRs with an IGHV3-21/IGKV rearrangement. 16 However, in analogy to the case of VH12 B-1 cells, one could also envisage that CLL precursors expressing certain stereotyped H chains require a restricted set of corresponding IGKV/IGLV light chains (that is, IGHV3-21 with IGLV3-21) to be properly expressed.
In both mouse and humans, the nature of the selective forces driving the evolution of the IGH loci is still a matter of controversy. 25, 26, 38 The different directions taken by the human and mouse genes will be partly due to chance. 25, 26, 38 However, they will also be affected by selection exerted by the antigens produced in the different environments that humans and mice have encountered over the past 70 million years of evolution. Therefore, it is remarkable that among all human IGHV genes, the IGHV3-21 gene, along with IGHV3-48 and IGHV3-11, all members of the same distinct branch of the IGHV tree, exhibit the highest similarity scores (85-89%) to a certain mouse IGHV gene (IGHV5-17). This homology may be considered as strong evidence for conservation by some functional constraint.
In conclusion, we have developed a powerful tool for pattern discovery in large cohorts of HCDR3 sequences. This approach becomes important if one takes into account the technical difficulties of crystallographic analysis (even in silico), which rule out its widespread application for determining the structure of the IGs expressed by the malignant B cells and their interactions with their cognate (mostly unknown) antigens. Our analysis reveals that the CLL BCR repertoire can be distinguished in two broad though different categories: the first (almost 30% of cases) is characterized by remarkable IGHV gene restrictions and BCR stereotypy (clustered cases), whereas the second includes cases with heterogeneous BCRs (nonclustered cases). Based on the evidence presented herein, the malignant clones belonging to the first category may derive from a B-cell population intermediate between a true innate immune system and the conventional adaptive B-cell immune system, functionally similar to what has been suggested previously for mouse B1 cells.
